Antitumor antibiotic streptonigrin (STN-COOH) is a potent inhibitor of avian myeloblastosis virus (AMV)and human immunodeficiency virus reverse transcriptases. The carboxyl group at 2'-position of STN-COOH was modified to give esters, hydrazide, amides and amino acid derivatives for biological studies.
Antitumor antibiotic streptonigrin (STN-COOH) is a potent inhibitor of avian myeloblastosis virus (AMV)and human immunodeficiency virus reverse transcriptases. The carboxyl group at 2'-position of STN-COOH was modified to give esters, hydrazide, amides and amino acid derivatives for biological studies.
Against AMVreverse transcriptase, the hydrazide, amides and amino acid derivatives showed inhibitory activity, which compared favorably to that of STN-COOH,with the ID50 values ranging 2~8 jug/ml. In contrast, the esters lacked this activity except for those having a dimethylamino group in the substituent. Splenomegaly caused by Friend leukemia virus infection was significantly inhibited by STN-COOH and STN-COO(CH2)3N(CH3)2, but not STN-CONH(CH2)3N(CH3)2. Doxorubicin-resistant murine lymphoblastoma L5178Y cells
showed collateral sensitivity to both STN-COOHand STN-COO(CH2)3N(CH3)2 not only in vitro but also in vivo.
Streptonigrin (STN-COOH, 1) was first isolated as an antitumor antibiotic, especially active against osteosarcomas, from Streptomyces flocculus in 19601~3). However, the severe side effects of 1, mainly due to bone marrow depression, resulted in the discontinuation of its clinical application. It has been reported that STN-COOCH3 (2) is clinically superior to 1 as an antitumor agent in terms of chemotherapeutic coefficient4 > 5).
Besides antitumor activity, the strong inhibition of avian myeloblastosis virus (AMV)and human immunodeficiency virus (HIV) reverse transcriptases by STN-COOH(1) has been reported6»7). Since reverse transcription is a pivotal step in the replication of retroviruses, inhibitors of this enzyme have been a target of the search for chemotherapeutics against retrovirus-related diseases, including acquired immune deficiency syndrome (AIDS). The synthesis of novel hydrazides, a hydroxamic acid derivative, amides and amino acid derivatives of streptonigrin such as STN-CONH(CH2)3N(CH3)2 (12) and STN-CONHCH2COOH (13) , and the comparison of their biological activities with those of 1 and STN-COOCH3 (2) have been described previously50. The inhibition of AMVreverse transcriptase by the individual hydrazides, amides and amino acid derivatives compared favorably to that of 1, while 2 was essentially devoid of this activity. In contrast, the prominent inhibition of the growth of murine lymphoblastoma L5178Y cells was not observed with the amides and amino acid derivatives except for 12 and STN-CONH(CH2)3NH(CH2)4NHCO-STN, suggesting the role of the Af-alkylamino group in the substituent.
For more comprehensive understanding of the marked difference between the biological properties of the methyl ester and those of the hydrazides, amides and amino acid derivatives as well as the role of the JV-alkylamino group, the alkyl esters (3-7), STN-COO(CH2)nN(CH3)2 (8 (n=2) and 9 (n=3)), STN The details of the assay method for reverse transcriptase, HIVreplication and the culture conditions for L5178Y cells were described in previous papers8*9 '10. In Vivo Antiviral Activity against Friend Leukemia Virus (FLV) Male ddY mice were sacrificed 12 days after viral infection. The 10%homogenate of the enlarged spleen was used as a viral stock. The viral stock was diluted with 9 volumes of saline at usage to prepare a viral inoculum. Male ddY mice, 4 weeks old and weighing about 20 g, were ip injected with 0.2 ml of the viral inoculum. STN-COOH (1), STN-COO(CH2)3N(CH3)2 (9) and STN-CONH(CH2)3-N(CH3)2 (12) were dissolved in 5 % glucose, and daily ip administration was started 5 hours after viral injection and continued for 5 days. Control groups included mice infected with FLVwhich were not treated, and uninfected mice with or without drug-treatment. Each experimental group consisted of 5 mice. On day-12, all mice were killed and spleens were taken out to be weighed.
In Vivo Antitumor Activity against L5178Y Cells Parental and doxorubicin (adriamycin : ADM)-resistant cell lines of murine lymphoblastoma L5 1 78Y cells (L5178Y/S and L5178Y/ADM12), respectively) were maintained in an ascites form in CDFXmice. Female CDFXmice, 6 weeks old and weighing about 25 g, were ip inoculated with 1 x 106 cells on day-0. The daily ip administration of STN-COOH(1), STN-COO(CH2)3N(CH3)2 (9) or STN-CONH(CH2)3-N(CH3)2 (12) was started on day-1 and continued for 10 days. Drugs were dissolved in dimethyl sulfoxide at a concentration of 5 mg/ml and diluted with 5 %glucose. Each group consisted of 6 mice except for the control group of 12 mice.
Stability
of STN-COO(CH2)3N(CH3)2 (9) and STN-CONH(CH2)3N(CH3)2 (12) in Cell Culture The 6.6 x 106 L5178Y/ADMcells suspended in 1 ml of Fischer's medium were incubated in the presence of 50^g/ml STN-COO(CH2)3N(CH3)2 (9) or STN-CONH(CH2)3N(CH3)2 (12) at 37°C for 1 and 3 hours. The whole culture was extracted with 1 ml ofEtOAc at alkaline and acidic pH's. The Physico-chemical Properties FAB-MSwere determined on a Jeol JMS-HX-100spectrometer. The mp's were measured with a Yanagimotomicro melting point apparatus. IR spectra were run on a ShimadzuIR-408 spectrometer in CHC13.UVspectra were obtained on a Hitachi 124 spectrometer in CH3CN. CDspectra were recorded on a Jasco J-600 spectrometer in CHC13.
Results and Discussion
Synthesis of Esters, Hydrazide, Amides and Amino Acid Derivatives The esters (3~9) were synthesized by the reaction of streptonigrin acid chloride, readily prepared with thionyl chloride, and an appropriate alcohol. In the case of the hydrazide, amides and amino acid derivatives, the direct condensation of the carboxyl group of STN-COOH(1) with 1,1-dimethylhydrazine, 3-dimethylaminopropylamine or an amino acid using 3,3'-(phenylphosphoryl)bis(l,3-thiazolidine-2-thione) was adopted. The products were purified by silica gel column chromatography. The structures of semisynthetic streptonigrins are shown in Fig. 1 .
Stereochemistry of a-Amino Acid Derivatives (18~23) In further purification by preparative TLC on silica gel, the a-amino acid derivatives (18~23) always gave two spots with different Rf values. However, the components with higher Rf values (18U~23U) were not distinguished from their counterparts (18L~23L) in terms of biological activities and physico-chemical properties such as XH NMR, FAB-MS, UVand IR spectra (data for STN-CO-L-Ala (18) and STN-CO-D-Ala (19) shown in Table 1 ). However, the Rf values of 18U and 18L were identical with those of 19U and 19L, respectively. Further stereochemical studies were carried out by comparing CDspectra of these compounds (Fig. 2) . The nature of stereoisomerism between 18U and 18L, and between 19U and 19L was established by their optical rotations of similar magnitude and opposite sign, and nearly mirror image relationship in their CDcurves. According to the X-ray analysis of STN-COOH(1), the rings A, B and C (see Fig. 1 ) are nearly coplanar with a short hydrogen bond (2.65 A) between the NH2group on the ring C and the nuclear nitrogen atom in ring B, and the hydrogen bond appears to be bent13). Taking all these data into consideration, the diastereomer-type isomerism between 18U~23Uand 18L~23L could be accounted for by the co- b AMV reverse transcriptase. existence of the asymmetric carbon in the a-amino acid moiety and planar chirality in the core portion caused by the short hydrogen bond between the rings B and C. This hypothesis was further supported by the findings that a mixture of 18U and 18L was obtained when either 18Uor 18L was refluxed in CH3CNand only the streptonigrin derivatives with an asymmetric carbon in the side chain gave twin spots by silica gel TLC.
Biological Properties
The ID50 values against AMV reverse transcriptase and the growth of L5178Y/S and L5178Y/ADM are shown in Table 2 . A mixture of the upper and lower components of the aamino acid derivatives was employed for the measurement of their biological activities since both diastereoisomers were identical to each other in terms of the biological properties as can be seen in Table 1 . The hydrazide, amides and amino acid derivatives inhibited AMVreverse transcriptase to the sameextent as STN-COOH (1) ; the ID50 values were in the range of 2~8 //g/ml. Up to 4 Atg/ml, the highest concentration tested, the inhibition of cell growth was not significant with the amino acid derivatives. The lower cytocidal activity of the amino acid derivatives might be due to their poor membrane transport as was proposed for STN-CONHCH2-COOH(13) in the previous paper14). Furthermore, the other amino acid derivatives could not suppress HIV replication as well as 1315).
In contrast, the inhibition of HIV replication by the STN-CONHN(CH3)2 (10) and STN- The purity of all streptonigrin derivatives was confirmed by TLC on silica gel, FAB-MS and AH NMR, though the a-amino acid derivatives (182 3) gave twin spots on TLCdue to the diastereomertype isomerism.
a AMV reverse transcriptase.
CONH(CH2)nN(CH3)2 (ll (n=2) and 12 (n=3)) is secondary to the decrease in cell viability. Like STN-COOCH3 (2), the alkyl esters (3-7) did not show any marked inhibition of AMVreverse transcriptase even at a concentration of 40 //g/ml. The dimethylamino group endowed the ester derivatives with inhibitory activity against AMVreverse transcriptase as shown by the results for STN-COO(CH2)nN (CH3)2 (8 and 9). As for cytocidal activity, the newly synthesized esters (3 -9) proved to be as potent as STN-COOCH3 (2). Due to their significant cytocidal activity, 8 and 9 could not be applied to the anti-HIV test.
In conclusion, the previous findings concerning the difference in the biological properties among the methyl ester, hydrazides, amides and amino acid derivatives were in good coincidence with those obtained with the newly synthesized streptonigrin derivatives. Owing to the presence of the dimethylamino group in the substituents, STN-COO(CH2)nN(CH3)2 (8 and 9) fully recovered the inhibitory activity against AMVreverse transcriptase and, in contrast, STN-CONH(CH2)nN(CH3)2(ll and 12) were able to inhibit the growth of L5178Ycells.
To test whether the potent cytocidal activity of the esters results from their susceptibility to hydrolysis in cell culture or not, STN-COO(CH2)3N(CH3)2(9) was kept with L5178Y/ADMcells at V+ : Infected with FLV, V" : not infected with virus, D+ : drug administered, D~: no drug administered.
Inhibition (%)={1 -(V+D+ -V"D+)/(V+D--VD")} x 100. Schedule :
37°C for 1 or 3 hours; STN-CONH(CH2)3N(CH3)2 (12) was also treated in the same way as a control. The products were extracted with an equal volume of EtOAcat acidic and alkaline pH's, and analyzed by TLCon silica gel. In both cases, the compounds incubated with the cell culture were recovered without being accompanied by STN-COOH(1) (data not shown).
Splenomegaly induced by FLV infection was significantly suppressed by the treatment with STN-COO(CH2)3N(CH3)2(9) as well as STN-COOH(1), whereas no effect was observed with STN-CONH-(CH2)3N(CH3)2 (12) even at a daily dose as high as 5 mg/kg/day (Table 3) from days 1 to 10 significantly prolonged the lifespan of L5178Y/ADM-implanted mice at 0.05 and 0.0125 mg/kg/day, whereas 1 failed to exhibit therapeutic activity against L5178Y/S-implanted mice at the same doses. In contrast, doxorubicin was more effective to L5178Y/S-than L5178Y/ADMimplanted mice. The highest therapeutic activity of 9 against L5178Y/ADM-implanted mice was observed at 0.2 mg/kg/day; five mice out of 6 survived more than 70 days with T/C of 213, though 9 also failed to show the effectiveness to L5178Y/S-implanted mice at any doses employed. These results suggest that the collateral sensitivity of L5178Y/ADM to 1 and its derivatives observed in vitro influences the therapeutic activity of these drugs in vivo. The reason why 12 does not exhibit therapeutic activity against either L5178Y/S-or L5178Y/ADM-implantedmice remains to be solved.
In tissue such as liver the reduction of STN-COOH(1) may lead to its conjugation and detoxication, whereas in other tissues and cells 1 may be extremely cytotoxic compound. It has been reported that both intra-and extra-mitochondrial NAD(P)H is oxidized by DT-diaphorase (E.C.I.6.99.2) in the presence of catalytic amount of 1 in a non-stoichiometric fashion18). In couple with the oxidation of NAD(P)H, 1 was reduced to the hydroquinone. The rapid autoxidation of the hydroquinone results in the formation of hydrogen peroxide and the regeneration of the quinone. Glutathione peroxidase represents a major pathway for hydrogen peroxide detoxication even in catalase-rich cells19-205. 1 may undergo extensive damage under conditions in which reduced glutathione is depleted, e.g. in the absence of NADH or NADPH required for glutathione reductase activity. The cellular concentration of reduced glutathione is also regulated by the glutathione synthetase. Therefore, the enhanced sensitivity of L5178Y/ADMwhen compared with L5178Y/S may result from the decreased DT-diaphorase activity and/or the metabolic change of reduced glutathione.
